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Abstract
Functional underwear regulates the body climate by inﬂuencing moisture and temperature of the skin. Especially in alpine skiing
and snowboarding athletes have alternating phases of physical activity and pauses (downhill, ski-lift rides) thus the maintenance
of a stable body climate is essential to prevent the body from overheating or cooling down too much. However no research has
been conducted so far concerning diﬀerences in requirements for heat- and moisture-regulation for men and women. To assess
the diﬀerences in body climate for men and women in this study four diﬀerently warm functional underwear shirts were tested on
ﬁve male and ﬁve female subjects wearing similar standard ski clothing above the underwear. Four moisture- and four temperature
sensors were attached on speciﬁc positions to the subjects’ skin. Tests on a cycling-ergometer were performed in a climatic-
chamber (-9◦C, 70 % rh) tests. Overall results clearly show that there are signiﬁcant gender-speciﬁc diﬀerences in body climate,
like higher body temperature and higher moisture for men compared to women.
c© 2013 The Authors. Published by Elsevier Ltd.
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1. Introduction
Functional underwear is one of the most important layers of clothing in alpine wintersports because it supports the
human skin in regulating the body heat balance. For the athlete’s perception of warmth or cold the temperature on the
skin is crucial [1]. The task of functional underwear, together with the outer apparel layers is to keep the body climate
constant within the athlete’s individual optimal zone. Functional underwear should warm if it is cold outside and
should cool if it is warm outside furthermore it should keep the athlete’s skin dry during diﬀerent performance-levels
[2]. Therefore it is important that functional underwear ﬁts tight to allow fast climate adaption by absorbing sweat,
dissipate it or vaporize it skin-near without limiting an athlete’s freedom of movement. These functions are highly
important in winter sports because athletes experience alternating phases of intense physical performance (e.g. during
downhill) and low performance (e.g. during ski-lift rides). Intense sweating feels inconvenient due to evaporation
coldness. Therefore neither during the downhill nor during the ski-lift ride evaporation coldness should occur but a
∗ Corresponding author. Tel.:+43-1-3334077-377; fax:+43-1-3334077-369
E-mail address: litzenberger@technikum-wien.at (S. Litzenberger).
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of the School of Aerospace, Mechanical and Manufacturing Engineering, RMIT 
niversity
47 B. Schindelka et al. /  Procedia Engineering  60 ( 2013 )  46 – 50 
constant body climate should be kept [3–6].
Tests of functional apparel are usually conducted in two diﬀerent setups: (1) laboratory analysis where industrial stan-
dards are tested and (2) subject studies where subjects test the apparel and ﬁll in a questionnaire about their subjective
perception of e.g. ﬁtting, moisture-level and smell. [7] state that subjects sense a cool down of the skin faster than a
warming up. Therefore at varying performance conditions subjects tend to judge apparel worse during alternating than
during constant performance conditions. Measurement data of the body climate (skin temperature, relative moisture)
should result in more precise data, reduce the number of subjects and increase the quality of veriﬁcation of functional
apparel.
Additionally it was analyzed whether there are gender-speciﬁc diﬀerences in body climate. Usually functional under-
wear for men and women diﬀer mostly in ﬁt and rarely in the material chosen for certain body-regions. According
the marketing department of ODLO Austria GmbH (Grossgmain, AUT) [8] warmer functional underwear shirts of
the ODLO Evolution-series (Warm, X-Warm) is sold more often for women (78 %) than for men (70 %). Often it is
claimed that women are more prone to cold than men. However there are no contemporary studies focusing on the
actual body climate diﬀerences (temperature, relative moisture) during performance between women and men.
One of the few studies concerning the topic was conducted 75 years ago [9]. In this study diﬀerences in skin temper-
ature between men and women and between day and night were evaluated. Among other results this study found out
that men have a 0.8◦ C higher skin temperature than women. However in this study temperature was only measured
once an hour with contemporary devices. In a more recent study [1] only men were chosen as subjects because ex-
pected temperature diﬀerences between men and women were supposed to inﬂuence the data.
However no research has been conducted so far concerning diﬀerences in requirements for heat- and moisture-
regulation for men and women. Therefore the following hypotheses were proposed: H1: Skin temperature of male
subjects is higher than of female subjects, H2: Men sweat more than women during performance, H3: The subjective
feeling for the same shirt is diﬀerent between male and female subjects.
2. Materials and Methods
For the continuous capture of the body climate a system with four temperature (KTY 81-210, Philips Semicon-
ductors, NED) and four moisture sensors (SHS A3, B+B Thermo-Technik GmbH, GER) with a datalogging device
(NEON V1.34, Spantec GmbH, AUT) was developed. The moisture sensors were used to measure the relative mois-
ture occurring on the skin. Relative moisture is the proportion between the existing mass of humidity per volume and
the maximal available humidity per volume dependent of temperature [10]. However these sensors can only measure
relative moisture up to 97 %. These were - along with the temperature sensors - connected to the datalogging-device
and enclosed in a plastic box.
Four sensor-pairs holding one temperature and one moisture sensor each were built and applied directly to the sub-
jects’ skin on four regions of interest: (1) middle of the right forearm, (2) middle of the right upper arm, (3) on the
skin above the right kidney and (4) on the chest (sternum) (Fig. 1). Additionally the subjects wore a heart rate monitor
(S725x or RS800CX, Polar Electro Oy, FIN) which was started and stopped at the same time as the datalogging-
device.
In this study ten subjects were tested, ﬁve male (P01-P05) (age: 23.2 ±1.5 years; height: 175.6 ±5.3 cm; weight:
70 ±4.3 kg; body fat 13.5 ±1.1 %; sport/week: 9.7 ±5.8 h) and ﬁve female (P06-P10) (age: 23.2 ±2.3 years; height:
165.6 ±5.4 cm; weight: 60 ±4.8 kg; body fat 25.6 ±1.2 %; sport/week: 6.3 ±3.1 h). None of the subjects had an
injury and no female subject had her menstrual period at the time of the measurements. All subjects were ﬁtted with
upper body apparel from OLDO Austria GmbH which consisted of a functional undershirt, a mid-layer (tec-shirt) and
a outer-layer (jacket). There were four diﬀerently warm functional underwear shirts of the Evolution-series: Cool
(Shirt A), Light (Shirt B), Warm (Shirt C) and X-Warm (Shirt D). Additionally the subjects wore the tec-shirt Big
Mountain and the jacket Liberty Primaloft 100. Female subjects also wore a sports bra (Bra Soft Comfort Fit, size
75A or High Ultimate Fit, size 80C). For lower-body apparel standard ski-clothing was chosen. Furthermore winter
shoes or winter bike shoes, winter gloves and a winter cap were worn by all subjects.
Trials were conducted in a climatic-chamber (-9◦ C, 70 % rh) at HTM Sport GmbH (Schwechat, Austria) where a
road bike, size 52 (ZR5000, GT Bicycles, USA) was mounted on an indoor cycling trainer (Cycletrainer Satori, Tacx,
NED). For each subject heart rate performance zones were derived from the maximum heart rate (HRmax) which was
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Fig. 1. Position of the sensor-pairs (temperature and moisture sensor), (1: forearm, 2: upper arm, 3: kidney, 4: chest).
calculated by a simple popular method (HRmax = 220 − age[yrs]).
Each trial took a total of 50 min consisting of a 15 min warmup (at 60-70% of HRmax) (WU), three 5 min performance
phases (at 70-80% of HRmax) (IP1-IP3) with 5 min breaks (B1-B2) in between and a ﬁnal 15 min cooldown phase
(CD). In B1-B2 and CD subjects remained seated on the bicycle without pedalling. The setup was chosen to simulate
alternating phases of alpine skiing (downhill: IP1-IP3, lift-rides: B1-B2). Subsequent to the cycling-test subjects had
to ﬁll in a questionnaire concerning the perceived temperature and moisture feelings.
Moisture and temperature as well as heart rate data were recorded (Fig. 2) and then analysed with MATLAB R2009b,
7.9.0.529 (The MathWorks. Inc, USA) and MS Excel 2007 (Microsoft Corporation, USA). For comparison of mois-
ture data they were integrated over time for each single phase whereas temperature’s mean values were calculated.
On both results a Mann-Whitney U-Test was performed for evaluating correlation between each of the variables for
male and female subjects resulting in levels of signiﬁcance (p). Furthermore subjects had to rank the diﬀerent shirts
(A–D) according to the perceived feeling by scoring points from 1 to 5 where 1 is the best and 5 the worst feeling.
This ranking was compared with a ranking of the measurement data to obtain a percentage of agreement, i.e. in case
ranking for all shirts was the same in the questionnaire and measurements the percentage of agreement was 100%, in
case it only matched in two cases it was 50%.
3. Results
Comparing the temperature data for male and female subjects (H1) for all tested shirts it can be stated that there are
diﬀerences of high or highest signiﬁcance (p < 0.005) in temperature (T) for the sensor positions on upper arm and
kidney throughout all phases of the trial and overall. However no signiﬁcant diﬀerences (p > 0.05) could be found
for the sensors on forearm and chest (Table 1(a)).
Table 1(b) shows the statistical evaluation of the integrated area of measurement data over time for H2 for all shirts
of every sensor position in each performance phase (IP1-IP3) and the overall value of the three performance phases.
It is interesting to notice that whereas during IP1 relative moisture is not signiﬁcantly diﬀerent (p > 0.05) for male
and female subjects during IP2 statstical evaluation yields highly signiﬁcantly (0.05 ≥ p > 0.025) higher moisture
levels for males on kidney and chest and diﬀerences of highest signiﬁcance (p < 0.005) for the upper arm, whereas
there is no diﬀerence to be found for the forearm. During IP3 male subjects reached diﬀerences of high or highest
signiﬁcance in all sensor positions. An overall evaluation yields no signiﬁcance for the forearm, but highest or high
signiﬁcance in the diﬀerences for upper arm, kidney and chest.
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Fig. 2. Exemplary raw sensor data of one subject with Shirt A. Left temperature [◦C], right relative moisture [% rh]; forearm (green), upper arm
(red), kidney (black), chest (blue); phases: warmup (WU), intensity phases (IP1-IP3), breaks (B1-B2), cooldown (CD).
Table 1. Levels of signiﬁcance (ns: not signiﬁcant (p > 0.05), +: siginiﬁcant (0.05 ≥ p > 0.025), ++: highly signiﬁcant (0.025 ≥ p > 0.005),
+++: highest signiﬁcance (p < 0.005)) for (a) H1 (skin T of male subjects is higher than of female subjects) (b) H2 (male subjects sweat more
than female subjects); Pos1-Pos4: Positions of sensor-pairs as given in Fig. 1; WU: warmup, IP1-IP3: performance phases, B1-B2: breaks, CD:
cooldown.
(a)
Pos1 Pos2 Pos3 Pos4
WU ns ++ +++ ns
IP1 ns +++ +++ ns
B1 + +++ +++ ns
IP2 + +++ +++ ns
B2 + +++ +++ ns
IP3 ns +++ +++ ns
CD ns +++ +++ ns
overall ns +++ +++ ns
(b)
Pos1 Pos2 Pos3 Pos4
IP1 ns ns ns ns
IP2 ns +++ ++ ++
IP3 ++ +++ +++ ++
overall ns +++ ++ ++
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Fig. 3. Mean values ± standard deviations (blue: male, red: female) of
perceived overall feeling (perc. f eeling; 1: best, 5: worst) according
to the questionnaire for all shirts (A: cool, B: light, C: warm, D: X-
warm).
Table 2. Percentage of agreement of the ranking between perceived
feeling and measurement data in % (∗questionnaire ﬁlled in incor-
rectly)
male female
P01 25% 25%
P02 50% 50%
P03 25% 50%
P04 -∗ 25%
P05 50% 75%
overall 37.5% 45%
The percentage of agreement between the data of the questionnaire and the measurement is shown in Table 2. A match
of 100 % means, that the ranking caused by the questionnaire is identical with the ranking caused by the measurement
data. For men two subjects showed a match of 25 % and two subjects a match of 50 %. One male subject was not
evaluable. For women two subjects showed a match of 25 %, two subjects 50 % and one subject 75 %. Overall the
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match for the male subjects was 37.5 % and for the female subjects was 45 %.
The perceived feelings subjects rated in the questionnaire are displayed in Fig. 3 for all shirts and subjects. Mean
values of the evaluation show that male subjects evaluated shirts A, B and C better than the female subjects whereas
shirt D was preferred by female subjects. However all results did not diﬀer substantially.
4. Discussion and Conclusion
To evaluate the diﬀerences in body climate and body climate perception between men and women and whether
perceived feeling of comfort can be evaluated by measurement data were the two main goals of this study. Single
measurements showed large diﬀerences between various subjects thus suggesting individual conditions being one of
the most important factors in sweating and temperature changes during exercise.
However a statistical evaluation of the data showed signiﬁcant diﬀerences for some parameters measured. As can be
seen in Table 1(a) signiﬁcant higher temperatures for the male subjects can be found on upper arm and kidney whereas
no statistically signiﬁcant results could be found for forearm and chest. Regarding the results for the chest sensor an
inﬂuence on data for the female subjects caused by wearing a sports bra can not be totally ruled out. However H1 can
thus only be veriﬁed for two of the four sensor positions.
Results of moisture sensors reveal that diﬀerences in moisture and thus sweating occurred not during all phases but
where more signiﬁcant in prolonged periods of exercise for all sensor positions except the forearm (Table 1(b)). Over-
all there is a signiﬁcant diﬀerence for upper arm, kidney and chest. Therefore H2 had to be rejected for the forearm
and could be accepted for upper arm, kidney and chest.
The evaluation of the questionnaire showed that there are only very limited diﬀerences and excessive standard devi-
ations in the overall feeling in the shirts perceived by the test subjects (cf. Fig. 3). Therefore H3 had to be clearly
rejected, there seems to be no connection between perceived feeling and measurement data.
It can be summarized that in this study - though with a limited number of subjects - it could be shown, that body
temperature and moisture during phases of alternating exercise and rest are statistically diﬀerent for male and female
athletes, but the perceived feeling is not matched and thus can not be predicted by measuring the two abovementioned
parameters.
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